Introduction 27
In the past three decades various types of supplemental damping devices have been developed and 28 utilized in frame buildings to control seismic and wind-induced vibrations (Constantinou and Symans 29 This peer-reviewed published paper appears as: Akcelyan, S., Lignos, D. G. and Hikino, T. (2018 Dong et al. 2015) . To this end, viscous dampers are advantageous as the forces they develop are 31 typically out-of-phase with displacement-induced forces within a frame building under earthquake 32 loading . Recent earthquakes demonstrated the effectiveness of viscous dampers 33 in response modification of conventional buildings to control structural and non-structural damage 34 (Buchanan et al. 2011; Miranda et al. 2012 ; Kasai et al. 2013) . 35
For the successful implementation of viscous dampers into the earthquake engineering design practice the 36 availability of mathematical models that represent accurately the hysteretic response of such devices is 37 necessary. Rigorous integration methods are essential for the numerical solution of these models when 38 nonlinear response history analysis (NRHA) is conducted. Unlike in solid viscoelastic dampers (Chang et 39 al. 1995 ) the temperature dependency of fluid viscous dampers is relatively low (Kasai et al. 2004b ; 40 Symans et al. 2008 ). In contrast with the idealized assumption of purely viscous dashpot models, viscous 41 dampers show stiffness dependency characteristics that generally undermine the effectiveness of a viscous 42 damper (Makris and Constantinou 1991) . Although a number of researchers, have studied the effect of 43 axial stiffness of viscous dampers on the seismic performance of frame buildings (Constantinou et Diotallevi et al. 2012 ). This is a convenient assumption because a closed-form 48 analytical solution of the damper force can be computed when NRHA is employed. Recent shake table  49 experiments of a full-scale 5-story steel frame building equipped with viscous dampers that were 50 conducted at the world's largest shake table around the world (Ooki et al. 2009 ; Kasai and Matsuda 2014 ) 51 demonstrated that the consideration of the damper axial stiffness is critical in order to accurately predict 52 both local and global seismic demands of the test structure (Kasai et al. 2007 ; Kasai and Matsuda 2014) . 53 stiffness is incorporated in nonlinear viscous dampers, it improves the overall prediction accuracy by 56 more than 20% compared to the experimental data (Yu et al. 2013 ). Recent studies (Dong et al. 2015, 57 2018) have shown that the displacement-induced forces and damper force demands may be in phase 58 within a frame building due to the axial stiffness of the respective damper. This has a profound effect on 59 the seismic demands transferred to the steel columns and foundations and should be carefully quantified. Typical fixed time-step integration algorithms that have been employed to obtain numerically the viscous 65 damper hysteretic response may require considerably small integration steps to overcome convergence 66 problems (Oohara and Kasai 2002) . In particular, numerical convergence may still be a challenge for 67 frame buildings equipped with nonlinear viscous dampers with high axial stiffness and small velocity 68 exponents (Oohara and Kasai 2002 ). In such cases, a smaller integration time step for the overall analysis 69 is necessary. This reduces the computational efficiency of the analysis of building models with nonlinear 70 viscous dampers. This may also be a fundamental constraint for the optimal seismic design and/or retrofit 71 of frame buildings with nonlinear viscous dampers in which the locations as well as the damper sizes 72 should be explicitly identified as part of the optimization problem (Lavan et are validated with full-scale tests from nonlinear viscous and bilinear oil dampers subjected to sinusoidal 92 excitations and various loading frequencies. Furthermore, experimental data from a 5-story steel building 93 with the same damper types that was tested at full-scale is utilized to demonstrate the efficiency of the 94 proposed adaptive numerical schemes in predicting global and local engineering demand parameters of 95 frame buildings equipped with supplemental damping devices. Finally, the paper provides tools to aid the 96 preliminary design of steel frame buildings equipped with nonlinear viscous dampers so as analysis 97 iterations with unnecessarily too stiff or too flexible damper models can be eliminated. 98 99
Hysteretic Behaviour of Viscous Dampers as Pure Viscous Models 100
This peer-reviewed published paper appears as: Akcelyan, S., Lignos, D. G. and Hikino, T. (2018 Viscous dampers contain a polymer liquid and its flow through orifices leads to pressure differential 101 across a piston head, which produces the damper force. The design of orifice dictates the relationship 102 between the force and velocity. Thus, the general force-velocity relationship of nonlinear viscous models 103 can be mathematically by Equation (1) (Symans and Constantinou 1998) , 104
(1) 105 in which, Cd is the damping coefficient and α is the velocity exponent that characterizes the viscous 106 material; ud is the dashpot displacement ; and sgn represents the signum function. Thus, the peak force Fd0 107 of a viscous damper under a harmonic displacement excitation that is described as ud(t) = ud0sin(ωt), is as 108 follows, 109 (2) 110 in which, ud0 and ω are the peak displacement amplitude and the circular frequency of the sinusoidal 111 excitation, respectively. Figure 1 shows the normalized force-velocity and normalized force-displacement 112 relations of nonlinear viscous models with different α values. A typical Bernoullian cylindrical shaped 113 orifice produces forces, which are proportional to the square of the velocity (i.e., α = 2). Such dampers are 114 utilized for shock wave absorption. For α = 1, a viscous damper becomes linear while for α = 0 the force-115 displacement hysteretic relation of a viscous damper becomes rectangular, which is typical for friction 116 models (Pall and Marsh 1982) . For seismic design applications of frame buildings the capability of 117 limiting the damper force output under high velocity pulses is often desirable. Therefore for seismic 118 applications, α is often selected such that α < 1. Because linear viscous dampers produce forces that vary 119 linearly with respect to the velocity demand, large damper forces may be generated under high velocity 120 demands. This introduces uncertainties and conservatism in capacity design of non-dissipative members. 121
In order to overcome this undesirable response, bilinear oil dampers were developed that contain a relief 122 mechanism, which suppresses the force after a certain limit (Ichihasi et al. 2000 ; Kasai and Nishimura 123 ( )
This peer-reviewed published paper appears as: Akcelyan, S., Lignos, D. G. Figure 2b illustrates the hysteretic behaviour of a bilinear viscous damper under sinusoidal loading for 135 different displacement amplitudes. In this figure, the horizontal axis has been normalized with respect to 136 the peak displacement amplitude. The damper was designed for a peak damper velocity, µd = 3. The post-137 relief damping coefficient ratio was assumed to be p = 0.1. The displacement amplitudes were increased 138 in three steps. During the first step, the peak damper velocity was nearly equal to the damper relief 139 velocity; therefore the hysteretic behaviour of the damper was identical to that of a linear viscous damper 140 (Kasai et al. 2004b; Tsuyuki et al. 2004) . Once the velocity demand exceeds the damper relief velocity, 141 the relief mechanism is activated and the damping coefficient, Cd, suddenly drops as shown in Figure 2b . 142 143 represented by an equivalent axial stiffness, Ks, as follows, 160
Hysteretic Behaviour of Viscous Dampers as Maxwell Models
The force, Fd at the nonlinear dashpot and spring (Fs) are equal; therefore, the constitutive rules within a 162
Maxwell model can be written as follows, 163 Figure 3c ). The 167 constitutive equation that describes the force and total velocity relation within a Maxwell model can be 168 obtained if Equations (7) and (8) 
Numerical Solution for Nonlinear Viscous and Bilinear Oil Dampers 177
This section discusses a numerical solution scheme for Equations (10) and (11). For this reason, both 178 equations are treated as a general initial value problem that is described by Equation (12) viscous damper. In order to obtain the damper force for the current step, Fd,i+1, the required input 213 parameters from the overall response history analysis are the integration time step dta of the employed 214 integrator for response history analysis (i.e., different than the one employed to obtain the damper force), 215 the velocity of the current and previous steps, úi+1, úi, respectively, and the damper force, Fd,i from the 216 previous step, i of the response history analysis. The velocity ú represents the velocity úm of the Maxwell 217 model. During the initial iteration to compute the damper force, the numerical integration step, h of the 218 DP54 method is set equal to dta. If the relative error εrel is larger than a pre-defined relative tolerance 219 (noted as "RelTol") or if the absolute error is larger than the absolute tolerance (noted as "AbsTol"), the 220 solution algorithm reduces its time step h by half (see Eq. (23)) using a half-step coefficient, s (see Eq. 221 (24)) till Equation (22) is satisfied. In this case, the velocity ún+1 at the current solution sub-step, which is 222 required from the DP54 iterative method, should be interpolated linearly between úi and úi+1 at the 223 corresponding sub-step. Therefore, the computation of the acceleration üi+1 at the current solution step is 224 needed. Similarly, velocity values within the function evaluations of DP54 iterative method should be 225 linearly interpolated between ún and ún+1 at the corresponding time increments. As the sum of half-step 226 coefficients stot becomes equal to unity, we can obtain the damper force at the current solution step, Fd,i+1. 227
In order to limit the number of iterations Nit within the material model, we can introduce a minimum step 228 In order to investigate the effectiveness of the adaptive time step DP54 iterative method on the numerical 234 solution of the force for nonlinear viscous dampers under a sinusoidal displacement excitations, Figure 5  235 illustrates the force-displacement relation of nonlinear viscous dampers with varying velocity exponents, 236 α (α varies from 0.01 to 2) and normalized damper axial stiffnesses, ks (i.e., ks varies from 0.1 to 1000). 237
The sinusoidal displacement that represents the external loading is um0sin(ωt) in which um0 and ω are the 238 peak displacement amplitude and the angular frequency (ω = 2πf) of the external loading, respectively. In 239 this case, umo = 1 and f = 1 Hz. Referring to Figs. 5 to 8, a 1.0Hz frequency is selected just for the sake of 240 comparisons between computed solutions and experimental results. This frequency is within a typical 241 frequency range of harmonic input excitations that are used for experimental testing of supplemental 242 damping devices (Kasai et al. 2004b ). The authors have validated the computed solutions with other 243 meaningful frequency ranges that reflect those typically seen in seismic excitations relative to the 244 employed supplemental damping device characteristics. The overall time step dta of the external loading 245 was selected to be dta = 0.01 sec. The nonlinear viscous damper was designed such that if ks is neglected 246 then the peak damper force, Fd0 becomes unity. Thus, Fd0 can be computed from Equation (25) (i.e., pure 247 viscous dashpot) and therefore, ud0 = um0. In this case, the normalized damper stiffness ks can be obtained 248 from Equation (26). A relative tolerance RelTol = 10 -6 and an absolute tolerance AbsTol = 10 -10 are 249 selected herein. The selected threshold for the relative and absolute tolerances is deemed to be small 250 enough for the reliable computation of the numerical solutions of Equations (10) The number of iterations, Nit required for the half step coefficient are reported for each case in Figure 5 . 258
From this figure, when ks increases the required number of iterations in order to achieve convergence 259 based on the pre-defined tolerances also increases. From the same figure, the damper exponent α variation 260 has a relatively small influence on the required number of iterations for numerical convergence. The only 261 exception is for α = 2, in which a relatively large number of iterations is required to satisfy the pre-262 defined convergence tolerances (see Figure 5 ). This is due to the fact that for α = 2 the absolute tolerance 263 becomes the critical condition to minimize the error in the damper force prediction, while for all other α 264 values the relative tolerance limits Nit. From Figure 5 , it is evident that ks strongly affects the peak damper 265 forces as well as the damper hysteretic shape. These issues are further investigated later on as part of this 266
paper. 267
In order to illustrate the accuracy of the adaptive integration algorithm for obtaining the hysteretic 268 response of nonlinear viscous dampers compared to traditional iterative numerical methods that have been 269 previously employed, Figure 6 illustrates the force-displacement relations for the same nonlinear viscous 270 dampers that were analyzed in Figure 5 when the classical 4 th order RK4 iterative method is employed. 271
Referring to Figure 6 , it is evident that when the RK4 iterative method is employed and for dta = 0.01sec 272 it is not possible to obtain the numerical solution of Equation (10) convergence is achieved for only three α values (i.e., α = 0.5, 1.0 and 2.0). In order to obtain a stable 274 numerical solution even in these cases an integration step dta = 0.00005 sec must be selected. 275
The adaptive DP54 iterative method can be also implemented for the numerical solution of bilinear oil 276 dampers. In this case, Equation (11) (31). Similar to the adaptive DP54 iterative method, for each iteration the integration time step is reduced 294 by half, until the absolute error or the absolute relative error becomes smaller than the predefined 295 tolerances, based on Equation (22).
(31) 297
In order to compare the adaptive DP54 iterative method with the proposed adaptive numerical integration 298 method (NI) discussed herein for the case of bilinear oil dampers, the force-displacement relations for oil 299 dampers under a sinusoidal external loading with umo = 1 and f = 1 Hz are computed in Figures 7 and 8 . 300
The oil dampers are designed such that their peak force, Fd0, becomes unity when the damper axial 301 flexibility is neglected. For oil dampers, Fd0 can be computed based on Equation (32). Two cases are 302 analyzed. In the first case, the peak damper velocity ratios are fixed (i.e., µm = 2) and p varies from 0 to 303 1.0 (see Figure 7) . In the second case, the p value is fixed (i.e., p = 0.05) and µm varies from 1 to 20 (see 304 Figure 8 ). For both cases, the normalized damper axial stiffness, ks varies from 0.1 to 1000. The relative 305 and absolute tolerances are set equal to RelTol=10 -6 and AbsTol=10 -10 , respectively. 306 (32) 307 (33) 308 Figure 7 illustrates the computed hysteretic behaviour of oil dampers with varying p and ks values based 309 on the adaptive DP54 and finite difference approximation methods. In the same figure we have 310 superimposed the number of iterations, Nit required for the half step coefficient based on both iterative 311 methods. From Figure 7 it is concluded that for large ks values (i.e., ks ³ 100) a small integration time step 312 is required when the adaptive DP54 method is employed; however, this is not the case when the 313 alternative proposed integration scheme is employed. Therefore, for oil dampers that utilize ks ³ 100 the 314 ks < 100) the adaptive DP54 iterative method typically satisfies the pre-defined tolerance criteria with just 317 a single iteration (see Figure 7) . Similar conclusions hold true when p is fixed (i.e., p = 0.05) and the peak 318 damper velocity ratio, µm varies (see Figure 8) . 319 320
Sensitivity of Viscous Damper Behaviour to the Damper Axial Stiffness 321
This section investigates the effect of the axial stiffness, Ks due to viscoelasticity of a viscous damper on 322 its hysteretic behaviour and dynamic stiffnesses based on the proposed adaptive numerical method 323 discussed above. In particular, a sensitivity study is conducted in order to quantify the effect of Ks on the 324 reduction factor of the damper energy dissipation, eK; the damper peak force, Fdo; the damper storage 325 stiffness, Km,st; and the damper loss stiffness, Km,l. A harmonic vibration is assumed for this purpose. A 326 sinusoidal displacement that represents the external loading is applied with umo = 1 and f = 1 Hz. The 327 evaluation is conducted in a normalized manner. In particular, similarly with the normalized stiffness ks 328 (see Equation (26)), the normalized storage and loss stiffnesses km,st and km,l, respectively, can be obtained 329 according to Equation (26). Figure 9 illustrates the graphical definition of these phenomena as well as the 330 dynamic stiffnesses (see Figure 9c) . The reduction factor of the damper energy dissipation, eK is obtained 331 by first computing the area under the corresponding damper hysteresis numerically and then dividing it 332 into the energy produced by the pure viscous model under the same loading conditions. The energy 333 dissipated by nonlinear and bilinear viscous models can be directly computed according to Constantinou 334 and Symans (1993) and Kasai and Nishimura (2004) , respectively. The normalized peak damper force fm 335 is obtained by dividing the peak damper force into the peak force of a pure viscous model, which can be 336 calculated, based on Equations (25) The change in eK is relatively large for small α values (see Figure 10a ). This is attributed to the 344 fact that the smaller the exponent α, the more stable the damper force becomes with the increase 345 of velocity (see Figure 1a) . Therefore, a decrease in external total displacement (i.e. ks) would 346 mainly affect the dashpot displacement and not that of the spring because the spring force 347 remains relatively constant and the spring displacement is proportional to its force. For instance, 348 when α = 0, for ks < 1 the damper hysteretic energy diminishes. Figure 10c ). This implies that although the inclination angle of the damper hysteresis 361 is small for ks < 1 (see Figure 5) , the km,st is relatively small due to fact that the normalized peak 362 forces, fm significantly decrease for ks < 1 as shown in Figure 10b (i.e. h = 0.0003125 sec) to satisfy the pre-defined convergence criteria (i.e., 10 -6 and 10 -10 for the relative 423 and absolute tolerances, respectively). Referring to Figure 12 , the computed hysteretic response of the oil 424 damper is nearly identical with the one obtained from the experimental data regardless of the loading 425 frequency. This is also indicated from the average absolute error of positive and negative peak damper 426 forces per loading cycle that was 5% and 3% for 0.25 Hz and 1 Hz, respectively. 427 In summary, Table 1 includes the damping coefficients, Cd, the stiffness properties (i.e., damper portion, 450
428
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Kd and total stiffness Ks) of the corresponding dampers installed in the test structure. 
